1. Introduction {#sec0005}
===============

The epidemic of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)/COVID-19) originated in Wuhan, China in Dec 2019 and rapidly spread worldwide. On March 11, 2020, The World Health Organization (WHO) declared this global spread a pandemic \[[@bib0005]\]. As of August 11, 2020, over 20 million people worldwide affected, with over 710,136 deaths \[[@bib0010]\].

The disease presentation ranges from asymptomatic to severe acute respiratory failure requiring intensive care support. Currently, intravenous Remdesivir is the only approved therapy for hospitalized patients infected with SARS-CoV-2. There are multiple therapies, and vaccine trials underway \[[@bib0015]\]. One such therapy is convalescent plasma. In March 2020, the US Food and Drug Administration (FDA) issued guidance to study the safety and efficacy of COVID-19 convalescent plasma in treating seriously and critically ill patients \[[@bib0020]\].

Prior research involving the use of convalescent plasma for the treatment of viral infections such as SARS-CoV, Middle Eastern Respiratory Syndrome (MERS), H5N1 avian influenza, and H1N1 influenza have suggested that transfusion of convalescent plasma was effective, if given early in the course of the infection \[[@bib0025], [@bib0030], [@bib0035], [@bib0040], [@bib0045], [@bib0050]\]. Following infection, virus antigens stimulate the immune system to produce antibodies is detected in the blood. IgM antibodies detected after 3--5 days of symptom onset and IgG antibodies within 10--18 days. IgM titers then decline, while IgG antibody levels may increase four times or more as compared to the early phases of infection. Information on immune response to SARS-CoV-2 and duration is rather limited. Studies suggest thatt IgM expression is concurrent with IgG expression and both antibodies are associated with a high degree of variability in patients who test positive for the virus \[[@bib0055]\]. Li et al. \[[@bib0055]\] showed that in 49 potential donors, IgG antibodies increased after 4 weeks from the onset of SARS-CoC-2 symptoms, while in another study these antibodies decreased in 2--3 months after the infection \[[@bib0060]\].

Passive immunity delivered as anti-coronavirus antibodies from convalescent human plasma has promise of emerging as a therapeutic option in the treatment of SARS-CoV-2 however, the selection of potential donors and the timing of the donations are critical to ensure therapeutic potency \[[@bib0055]\]. Shen et al. first described a case series of 5 critically ill patients with SARS-CoV-2 and Acute Respiratory Distress Syndrome (ARDS) who showed improvement in clinical status after treatment with convalescent plasma containing neutralizing antibodies \[[@bib0065]\]. Subsequent studies have used using anywhere from 200 to 2400 ml of convalescent plasma with favorable outcomes \[[@bib0070], [@bib0075], [@bib0080], [@bib0085], [@bib0090], [@bib0095]\], with greatest benefit when plasma is administered within the first 14 days of infection \[[@bib0070]\].

In this prospective interventional study, we evaluated trends and determinants of SARS-CoV-2 antibody titers and viral loads in donors and critically ill patients who received the convalescent plasma.

2. Methods and study procedures {#sec0010}
===============================

On April 9, 2020, Trinity Health Of New England (THOFNE) received FDA approval to conduct a Phase 2 clinical trial (NCT 04343261). The trial investigators received approval from the Trinity Health Of New England Institutional Review Board \#SFH-20-23.

2.1. Plasma donors {#sec0015}
------------------

Convalescent plasma collected from donors recovered from COVID-19 between the ages 18 and 90 with a confirmed positive nasopharyngeal swab SARS CoV-2 RNA test within the previous 45 days and symptom-free for at least 2 weeks.

One hundred thirty nine (139) potential donors were consented and tested again for SARS-CoV-2 RNA in nasopharyngeal swabs using real-time reverse transcription PCR (rRT-PCR). Subjects who retested positive for SARS-CoV-2 RNA returned in 10 days for repeat test. Along with each nasopharyngeal swab, they had blood drawn for the measurement of SARS-CoV-2 specific antibody titers and plasma viral load. Subjects negative for SARS-CoV-2 with IgG titers \>6.5 arbitrary units per mL (AU/mL) were referred to the Rhode Island Blood Center (Providence, Rhode Island, USA) where plasma was collected by apheresis methods. Plasma was frozen within 24 h of collection and labeled: "New Drug\--Limited by Federal law to investigational use", the IND number \#19805 and ABO blood type.

2.2. Plasma recipients {#sec0020}
----------------------

Patients eligible to receive convalescent plasma between 18 and 90 years, confirmed severe or life threatening SARS-CoV-2 infection. Severe disease defined as at least one of the following: dyspnea, respiratory frequency ≥30/min, blood oxygen saturation ≤ 93 %, partial pressure of arterial oxygen to fraction of inspired oxygen ratio \<300  mm  Hg, or lung infiltrates \>50 % within 24--48 hours. Life-threatening disease defined as respiratory failure, septic shock, or multiple organ dysfunction \[[@bib0020]\].

Once subjects or legally authorized representatives gave informed consent, they received two consecutive convalescent plasma infusions of 200 mL each. Each unit transfused for 1 h, within 1--2 h apart. Viral load and antibody titers were measured immediately prior to receiving convalescent plasma and again on days 3, 5, and 7 following transfusion.

2.3. IgM and IgG antibody titers {#sec0025}
--------------------------------

IgM and IgG antibody titers measured in serum by Boston Heart Diagnostics (Framingham, MA) using commercially available chemiluminescent SARS-CoV-2 IgM and IgG assays from Diazyme (Poway, CA). The antibodies detected were against both SARS-CoV-2 full-length nucleocapsid protein, and partial-length glycoprotein spike protein. There was no cross reactivity with antibodies with non-SARS-CoV-2 coronavirus strains HKU1, NL63, OC43, or 229E, influenza A and B, parainfluenza, respiratory syncytial virus, adenovirus, Epstein-Barr virus NA and VCA, measles virus, cytomegalovirus, varicella zoster, *Mycoplasma pneumoniae*, *Chlamydia pneumoniae*, and *Candida albicans*.

Positive values for both antibody assays were serum values [\>]{.ul}1.0 AU/mL. Within and between run coefficients of variation based on 20 analyses at 4 concentration levels were 4.00 % and 2.51 % for IgM positive control samples ([\>]{.ul}1.0 AU/mL), and 2.50 % and 2.10 % for IgG positive control samples ([\>]{.ul}1.0 AU/mL), respectively. Linear reportable range of 1.0--10.0 AU/mL for IgM and of 0.20--100.00 AU/mL for IgG. Linearity studies showed r^2^ values of [\>]{.ul} 0.99 for both IgM and IgG. Prior studies indicated that the sensitivity of the IgG antibody test for identifying SARS-CoV-2 RNA positive subjects was 91.2 %, 95.6 % for both IgG and IgM antibody testing, while the specificity of the IgG assay for identifying negative subjects was 97.33 %.

2.4. Viral detection and viral load {#sec0030}
-----------------------------------

Viral detection and quantification in plasma was performed using a research-use only rRT-PCR method which targets two regions of the SARS-CoV-2 N gene using TaqMan chemistry. Nucleic acid extraction was performed using the ThermoFisher KingFisher FLEX instrument with MagMAX Viral/Pathogen Nucleic Acid Isolation reagents. Amplification was performed using the Applied Biosystems™ 7500 Fast Real-Time PCR Systems (SDS v1.5.1) with TaqPath 1-step RT-qPCR master mix CG reagents. For quantification, a standard curve was used by amplifying 10-fold serial dilutions (75 copies/mL to 7.5 × 10^7^ copies/mL) of *in vitro* transcribed RNA prepared from the full SARS-CoV-2 N gene. Copies/mL for each sample generating a cycle threshold (Ct) value calculated using the slope and y-intercept derived from linear regression of the standard curve results. The limit of detection for this assay is 75 copies/mL; in this study Ct values \<40 were reported as the calculated copies/mL.

3. Results {#sec0035}
==========

3.1. Donor antibodies {#sec0040}
---------------------

Of the 139 donors, 114 (82 %) had IgG antibodies \>1.0 AU/mL ([Table 1](#tbl0005){ref-type="table"} ). The median number of days from first positive test was 32 days for the IgG \> 1.0 compared to 43 days for those with IgG \< 1.0 (p = 0.09). Seventy-five of the 114 donors had IgG antibodies \> 6.5 AU/mL, which corresponds with a IgG antibody titer of about 1:320 (<https://ccpp19.org/healthcare_providers/virology/antibodies.html>), the minimum level recommended by FDA at the time of this study (subsequently lowered to 1:160) \[[@bib0020]\]. Of those, 50 had IgG \>20, corresponding to IgG antibody titer of 1:1000.Table 1Characteristics of 139 convalescent plasma donors.Table 1All Potential DonorsIgG Positive (\>1.0 AU/mL)Eligible Donors (IgG\>6.5 AU/mL)Donated Plasman = 139n = 114n = 75n = 29Gender, Female, n (%)75 (54.0)64 (56.1)41 (54.7)17 (58.6)Age, mean (SD)48.8 (14.5)49.8 (14.4)51.7 (13.3)49.9 (14.6)Race. n (%) Asian4 (2.9)3 (2.6)2 (2.7)1 (3.5) Black/African American9 (6.5)8 (7.0)8 (10.7)3 (10.3) Hispanic16 (11.5)15 (13.2)9 (12.0)3 (10.3) Other/Unknown4 (2.9)2 (1.8)1 (1.3)0 White106 (76.3)86 (75.4)55 (73.3)22 (75.9)Days, positive test to symptom resolution, mean (SD)10.0 (±6.7)10.1 (±6.9)9.6 (±6.1)9.5 (±4.2)Days, positive test to negative test, mean (SD)35.4 (11.0)34.6 (10.6)33.5 (10.7)29.8 (6.8)

46/114 potential donors tested positive a second time when screened for COVID. Thirty-seven retested 10 days later, and 14 remained positive a third time. One person tested positive a fourth time. Among those tested at least twice, we noted a drop in median IgG of 8 AU/mL (p \< 0.01) in the days between tests (≈10 days). During the 10 days between tests, the median IgG decreased from 21.2 AU/mL to 13.1 AU/mL (p \< 0.01). There was no correlation between age and change in the IgG levels. [Fig. 1](#fig0005){ref-type="fig"} shows the change in IgG from first to second test. Antibody data was available for 10 of the 14 who remained positive after another 10 days, and the median IgG decreased again. ([Table 2](#tbl0010){ref-type="table"} )Fig. 1IgG change in donors re-tested.Fig. 1Table 2Change in IgG among eligible convalescent plasma donors who were re-tested for SARS-CoV-2.Table 2IgG (AU/mL) time 1IgG (AU/mL) time 2IgG (AU/mL) time 3Mean (SD)Median (IQR)Mean (SD)Median (IQR)Mean (SD)Median (IQR)[\*](#tblfn0005){ref-type="table-fn"}p-valueDonors tested twice (n = 37)30.4 (29.7)21.2 (4.7--51.7)22.7 (25.5)13.1 (3.9--30.3)NANA\<0.01Donors tested 3 times (n = 10)35.5 (25.0)35.4 (8.6--54.4)27.1 (19.6)24.3 (6.9--42.7)23.4 (20.1)18.8 (5.6--42.8)0.63[^1]

Of the 75 donors with adequate IgG antibodies, plasma was collected by apheresis from 29 eligible donors. Plasma (400--800 mL) collected from each donor depending on age and body weight, and prepared and stored as 200 mL aliquots.

3.2. Recipient antibodies {#sec0045}
-------------------------

Forty-six patients with severe or life threatening disease with laboratory-confirmed SARS-CoV-2 infection enrolled in the study between April 21, 2020, and Jun 8, 2020. Seven patients received plasma with insufficient antibodies and excluded from the analysis. One patient included in this study developed a transfusion reaction after receiving one unit and did not receive second unit. The average duration between positive test and receiving convalescent plasma was 11.4 days.

[Table 3](#tbl0015){ref-type="table"} shows the blood types of recipients compared to the national percentages. A significantly higher proportion of recipients had blood type O + compared to the national numbers (p \< 0.01). No differences in antibody levels by blood type.Table 3Distribution of ABO/Rh blood types of convalescent plasma recipients compared to the US population.Table 3ABO/Rh Blood GroupRecipients, no. (%)United States Population[\*](#tblfn0010){ref-type="table-fn"} (%)p-valueO positive25 (64)38\<0.01O negative1 (26)70.37A positive10 (26)340.31B positive3 (8)90.80[^2]

39 patients had blood collected on day 0 (pre-transfusion), and on post-transfusion day 3 (n = 36), 5 (n = 30), and 7 (n = 24) and plasma viral load and serum antibody titers was assessed at each time point ([Table 4](#tbl0020){ref-type="table"} ). 28/39 (71.8 %) had positive values of serum IgM at baseline with a median 3.0 AU/mL. 24/39 (61.5 %) patients had IgM values on day 7 of which 22/24 (91.7 %) were IgM positive. Similarly, at baseline 26 of the 39 (66.7 %) patients had positive IgG (median = 54.8 AU/mL). Among the 24 with day 7 IgG values, 21 were positive with a median IgG of 66.2 AU/mL ([Fig. 2](#fig0010){ref-type="fig"} ). Changes from day 0 to day 7 in recipient IgG antibodies ranged from a decrease of --33.3 AU/mL to an increase of 78.8 AU/mL, with a median increase of 0.47 AU/mL. [Fig. 2](#fig0010){ref-type="fig"} shows the percent change from day 0 to day 7 for 24 patients with day 7 data.Table 4Median IgM and IgG values in patients before and after receiving convalescent plasma.Table 4TimeIgM (AU/mL) Median (25th--75th percentile)IgG (AU/mL) Median (25th--75th percentile)Day 0 (n = 39)2.1 (1.0--3.9)18.5 (\<1.0--75.0)Day 3 (n = 36)3.1 (1.7--4.6)37.2 (4.5--74.6)Day 5 (n = 30)2.9 (1.5--4.1)47.4 (6.7--80.7)Day 7 (n = 24)2.8 (1.7--5.0)55.2 (10.3--96.9)Fig. 27 day change in IgG in recipients of convalescent plasma.Fig. 2

3.3. Viral load {#sec0050}
---------------

Plasma viral load data was available for 35 or the 39 convalescent plasma recipients on day 0. Twenty-two patients (62.9 %) had non-detectable levels (\<75 copies/mL). Of the 13 with detectable levels, viral loads ranged from 95 to 53,622 copies/mL. On day 7, data on plasma viral load were available for only 7 of the 13. Of those, 4 (57.1 %) still had detectable viral loads. ([Table 5](#tbl0025){ref-type="table"} ). The time from testing positive was related to the viral load. Patients with non-detectable viral load had a mean of 14.5 (SD ± 9.6) days since their first positive test compared to a mean of 6.2 (±4.7) days for the group with detectable viral load (p \< 0.01). In contrast, there was no relationship between viral load and blood type (p = 0.87) or death (p = 0.80).Table 5Viral load over time in patients receiving convalescent plasma.Table 5TimeNo Detectable Virus (\<75 copies/mL), no. (%)Viral Load (copies/mL) Median (25th - 75th Percentile)Day 0 (n = 35)22 (62.9)3524 (868--8315), n = 13Day 3 (n = 34)25 (73.5)2033 (243--6386), n = 9Day 5 (n = 27)20 (74.1)315 (214--4162), n = 7Day 7 (n = 24)20 (83.3)494 (102--1292), n = 4

IgG antibody levels were related to viral load. On days 0, 3, 5, and 7, IgG levels were higher among patients a non-detectable viral load compared to patients with a detectable viral load. On day 0, IgM antibody levels were higher in the group with a no detectable viral load (p \< 0.01). However, differences in IgM antibody levels between patients with and without detectable viral load on days 3, 5, and 7 were not statistically significant.

Of the 39 patients,19 (49 %) died, and 20 (51 %) were discharged. There were no significant differences in IgM (p \> 0.10) between patients who died and patients who lived at any time-point. In contrast, the median IgG at day 5 was lower in those who died (10.4 AU/mL vs. 66.2 AU/mL, p = 0.05). Though not statistically significant (p = 0.22), IgG was lower at day 7 in patients who died (33.6 AU/mL vs. 71.1 AU/mL). There was no difference in the median number of days between testing positive and receiving plasma among those who died and those discharged.

4. Discussion {#sec0055}
=============

Passive antibody therapy involves administration of antibodies against a given agent to a susceptible individual for the purpose of preventing or treating an infectious disease. Protective specific antibodies like IgG produced by B cells after infection with the virus, help block the virus from entering the host cells, as well as defend against viral reinfection. SAR-CoV-2 virus is enveloped with four structural proteins which serve as targets for antibodies \[[@bib0055],[@bib0100],[@bib0105]\], and uses its spike glycoprotein, a main target for neutralization antibody, to bind its receptor and mediate membrane fusion and virus entry \[[@bib0105]\]. The hypothesis is that administration of convalescent plasma containing such antibodies may mediate viral neutralization \[[@bib0110]\] by inhibiting viral replication and blunting pro-inflammatory endogenous antibody response \[[@bib0115]\].

For passive antibody therapy to be effective, a sufficient amount of antibody must be administered \[[@bib0080]\]. Although we did not measure neutralizing antibodies, high levels of IgG correlate with high levels of neutralizing antibodies in serum \[[@bib0120]\]. The criteria used for this study, IgG ≥6.5 AU/mL, corresponds to a IgG antibody titer of about 1:320, the minimum level recommended by FDA at the time of this study (subsequently lowered to 1:160) \[[@bib0020]\]. Currently enzyme linked immunoassays and chemiluminescence assays are used to detect IgG and IgM antibodies against recombinant N and S proteins of SARS-CoV-2 \[[@bib0125]\].

FDA guidance for donors of convalescent plasma is evidence of COVID-19 documented by a diagnostic test like the nasopharyngeal swab at the time of illness, or a positive serological test for SARS-CoV-2 antibodies after recovery if prior diagnostic testing not performed. The other criterion is complete resolution of symptoms at least 14 days before plasma donation. A negative result for COVID-19 by a diagnostic test is not necessary to qualify the donor \[[@bib0020]\]. Potential donors in our study reported that symptom resolution took almost 10 days from symptom onset, with an average of 35 days from positive to negative test. However 25 (18 %) potential donors had negative IgG levels (\<1.0 AU/mL). We did find that 46 of 114 eligible donors (those with a positive IgG level) still tested positive by nasopharyngeal swab (qualitative) in spite of being asymptomatic for \>2 weeks. All donors had viral load measured in plasma and all had undetected viral load. In our study, we measured viral load in plasma and not nasopharyngeal swabs, but results are similar to findings from a recent investigation in South Korea showing that the virus was not present in respiratory samples from 108 patients who had re-tested positive after recovery \[[@bib0130]\]. However, during the 10 days between tests, median IgG levels decreased. ([Table 2](#tbl0010){ref-type="table"}, [Fig. 1](#fig0005){ref-type="fig"}) These data suggests that some individuals do not mount a sufficient response or that antibodies decline quickly over time.

We found a majority of our plasma recipients were blood group O+ (64 %), significantly more than the proportion of O + individuals in the general US population. This was contrary to studies were the odds of COVID-19 infection is higher in blood groups A and decreased in blood groups O \[[@bib0135]\]. The reason for this discrepancy is unclear, but warrants further investigation. Our analysis is limited based on the small sample size and non-randomized design, and we cannot say with any certainty that our findings reflect the general population or COVID-19 patients specifically.

Studies have shown an increase in viral load in the early and progressive stages of infection and a decrease in the recovery stage \[[@bib0140]\]. We found a relationship in duration from first testing positive for virus by nasopharyngeal swab (rRT-PCR) to the presence of plasma viral load. Patients with non-detectable viral load levels had a mean of 14.5 days since their first positive test compared to 6.2 days for the group with detectable levels (p \< 0.01). However, we had large variation in the number of days from positive test to receipt of plasma (4 days to 34 days). Studies have reported that a peak in viral load coincides with onset of antibodies and that higher concentration of antibodies leads to higher levels of virus-induced apoptosis \[[@bib0145]\] however, there is no abrupt virus elimination at the time of seroconversion rather a slow but steady decline of viral load has been reported \[[@bib0150]\]. We found that the group with non-detectable viral load had slightly increased antibodies over the 7 days compared to the group with detectable viral load. There is a link between viral load and other biochemical markers like interleukin-6 (IL-6) to disease severity and poorer prognosis \[[@bib0150], [@bib0155], [@bib0160]\]. Of the 39 patients, 49 % died, 51 % discharged. Even though there were no significant differences in IgM at any time-point the median IgG at day 5 was lower in those who died. Overall, there was no difference in the median number of days between testing positive and receiving plasma among those who died and those discharged nor was there a relationship between plasma viral load and blood type.

This study has limitations. We conducted a non-randomized study with a small sample size at an urban teaching hospital under "real-world" conditions. Although we recorded data over time, the study would have been stronger if we had measured plasma viral load at onset of hospitalization. Further SARS-Co-V-2 is not a blood-borne pathogen and nasopharyngeal samples may have given more accurate viral load. However, our data may inform future studies. We also found no significant relationship between plasma viral load and mortality among recipients, which may be due to the time of testing.

5. Conclusion {#sec0060}
=============

We found that the average time that donors remained symptomatic was ≈10 days, however the majority of them still tested positive for the virus by nasopharyngeal swab 36 days after symptom onset but did not have detectable plasma viral load when measured at the same time point. As for antibodies, a significant number of potential donors with confirmed SARS-CoV-2 infection were negative for IgG antibodies at a median of 43 days after onset of symptoms. In those with positive antibodies we saw a significant decline in IgG levels over time. This is suggestive that having had the infection does not necessarily convey immunity, or there is a short duration of immunity associated with a decline in antibodies. As for the recipients, there was no correlation to the number of days from having tested positive to receiving convalescent plasma. We also found lower IgG levels in those with a detectable plasma viral load and there was no relationship between plasma viral load, blood type or death.
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